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STATEMENT  OF  THE  PROBLEM  STUDIED 


The  unique  features  that  make  carbon  nanotubes  (CNTs)  ideal  fillers  for  high  performance 
damping  composites  are  their  large  surface  area,  large  aspect  ratio,  high  stiffness,  low  density, 
and  high  thermal  conductivity  characteristics.  Because  of  their  nanometer  scale  radius  and  low 
density,  the  surface  area  to  mass  ratio  of  carbon  nanotubes  is  extremely  large.  Given  the  high 
aspect  ratio,  high  stiffness,  and  large  surface  area  of  CNTs,  it  is  anticipated  that  tremendous 
energy  dissipation  and  structural  damping  can  be  achieved  by  taking  advantage  of  the  interfacial 
stick-slip  friction  between  CNTs  and  polymer  resins  and  between  bundled  CNTs.  In  addition, 
due  to  low  density  and  high  thermal  conductivity  (heat  dissipation  ability)  of  the  CNT 
composites,  such  a  high  performance  damping  material  could  be  light  and  compact.  Despite 
their  wonderful  potential,  the  damping  characteristics  of  such  composites  have  not  been  explored 
in  any  detail. 

In  a  previous  ARO-supported  STIR  project,  the  Penn  State  researchers  (Wang  and  Bakis)  have 
made  good  progress  in  developing  a  structural  damping  model  of  CNT-based  composites  by 
assuming  stick-slip  interfacial  friction  between  CNT  and  resin.  The  developed  model  concludes 
that  such  stick-slip  mechanism  leads  to  a  strain-dependent  damping  enhancement.  The  trend  of 
the  analytical  findings  was  qualitatively  observed  in  experimental  results.  However,  in  this 
previous  study,  the  loss  factors  were  experimentally  characterized  using  free  vibration  testing  of 
beams  in  flexure,  implying  that  the  material  is  not  in  a  uniform,  steady  state  of  strain.  In 
addition,  only  completely  dispersed  individual  single- walled  nanotubes  (SWNTs)  were  modeled, 
implying  that  the  effects  of  nanotube  aggregates  and  inter-tube  interactions  were  ignored;  while 
in  reality,  the  CNTs  usually  exist  in  the  state  of  bundles  in  polymers  and  formed  the  so-called 
nano  tube  ropes  or  nanoropes.  Finally,  the  effects  of  various  system  parameters  (such  as  filler 
orientations,  interfacial  strength)  were  not  explicitly  explored. 

The  overall  goal  of  the  research  presented  in  this  report  is  to  advance  the  state  of  the  art  of 
structural  damping  by  utilizing  the  characteristics  of  carbon  nanotube-based  polymers,  building 
upon  the  previous  Penn  State  experience  in  active/passive  damping  and  CNT-based  composite 
materials. 

SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 
Experimental  observations 

An  experimental  investigation  using  direct  uniaxial  testing  has  been  conducted  to  investigate  the 
energy  dissipation  characteristics  of  polymeric  composites  containing  carbon  nanotube  fillers.  In 
this  case,  we  can  obtain  results  with  a  steady,  uniform  strain  field  in  the  specimens.  The 
specimens  were  fabricated  by  directly  mixing  single -walled  carbon  nanotubes  into  representative 
polymers,  such  as  epoxy,  with  high-power  ultrasonic  agitation  (Figure  1).  To  characterize  loss 
factors,  uniaxial  testing  with  hannonic  loading  was  conducted  to  directly  measure  the  phase  lag 
between  stress  and  strain  (Figure  2).  The  loss  factors  were  measured  over  a  range  of  applied 
strain  amplitudes.  Experimental  investigations  were  performed  on  the  neat  resin  and  specimens 
with  CNT  fillers.  The  comparison  of  loss  factors  as  a  function  of  applied  strain  amplitude  is 
shown  in  Figure  3.  It  can  be  observed  that  the  neat  resin  exhibits  a  slight  and  relatively  smooth 
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variation  in  loss  factor  in  the  entire  tested  strain  range.  The  measured  loss  factor  of  the  neat 
resin  is  around  1%,  which  is  a  typical  value  for  epoxy.  However,  the  energy  dissipating 
characteristics  of  the  specimen  with  CNTs  (in  this  example,  1  wt%)  are  significantly  different 
from  that  of  the  specimen  without  CNTs.  Figure  3  shows  that  energy  loss  can  be  enhanced  by 
adding  CNTs.  For  the  material  containing  CNTs,  the  loss  factor  first  increases  with  increasing 
strain  to  a  certain  value  (around  100  ps,  in  this  case),  and  then  decreases  for  further  increases  in 
strain.  A  clear  peak  of  5%  in  loss  factor  is  found  for  the  specimen  with  CNTs.  These 
phenomena  support  the  existence  of  a  stick-slip  motion  between  the  resin  and  nano  tubes. 

Nanorope-based  composites  modeling  and  analysis  —  damping  due  to  filler  interfacial 
actions 

A  constitutive  model  including  both  principal  elastic  modulus  and  loss  factor  was  developed  for 
carbon  nanorope-based  polymeric  composites.  In  contrast  to  the  model  developed  in  the 
aforementioned  Penn  State  STIR  program  (with  the  assumption  of  completely  dispersed 
SWNTs),  the  characteristics  of  nanoropes  and  inter-tube  effects  are  considered  in  this  new 
model.  Bundled  CNTs  were  modeled  using  a  close-packed  lattice  consisting  of  seven  SWNTs  in 
a  hexagonal  array  (Figure  4).  The  composite  was  described  using  a  multi-phase  system, 
composed  of  a  resin,  bonded  and  debonded  nanotube  ropes.  The  concept  of  stick-slip  motion 
caused  by  frictional  contacts  was  proposed  to  describe  the  load  transfer  behavior  between  the 
nanotubes  and  between  the  nanoropes  and  resin  (Figure  5).  A  micromechanical  model  was 
developed  to  describe  inter-tube  and  tube/resin  frictional  motions.  Modulus  change  and  energy 
dissipation  due  to  the  stick-slip  interfacial  load  transfer  were  determined.  The  developed  method 
was  used  to  analyze  composites  with  aligned  nanoropes.  Also,  it  was  used  to  show  the  inter-tube 
sliding  effects  due  to  nanotube  aggregation,  where  the  elastic  moduli  and  loss  factors  of 
composites  filled  with  either  well-dispersed  nanotubes  or  nanoropes  were  compared  to  each 
other.  Figure  6  shows  the  comparison  of  loss  factors  between  these  two  composites  with  1  vol. 
%  nanotube  fillers.  Here,  the  critical  interfacial  shear  stresses  (bonding  strength)  were  assumed 
to  be  0.5  MPa  for  inter-tube  interaction  and  50  MPa  for  CNT-resin  interaction.  It  can  be  seen 
that,  for  the  well-dispersed  nanotube  composite,  only  one  peak  exists  in  the  loss  factor-strain 
curve,  while  the  nanorope  case  has  two.  In  the  nanorope  composite,  the  smaller  peak  in  loss 
factor  at  a  strain  amplitude  of  about  500  ps  corresponds  to  slippage  of  the  low  strength  interface 
between  neighboring  nanotubes  within  each  nanorope,  and  the  larger  peak  is  mainly 
corresponding  to  the  interaction  between  the  CNTs  and  the  resin.  On  the  other  hand,  for  the 
well-dispersed  SWNT  case,  each  SWNT  in  the  composite  is  in  full  contact  with  the  resin,  and  no 
inter-tube  motion  can  occur;  thus  only  one  peak  is  generated  in  the  loss  factor-strain  curve.  As 
shown  in  the  figure,  in  terms  of  overall  damping,  the  maximum  loss  factor  associated  with  well- 
dispersed  nanotubes  is  higher  than  that  with  nanoropes.  The  reason  is  that  the  aggregation  of  the 
SWNTs  in  the  form  of  ropes  reduces  the  total  contact  surface  between  nanotubes  and  resin, 
thereby  reducing  the  energy  loss. 

While  the  model  of  aligned  nanoropes  is  novel  and  interesting,  it  is  very  restricted  in 
applicability.  Therefore,  the  model  was  further  generalized  for  predicting  the  Young’s  modulus 
and  damping  of  unaligned  CNT  nanorope  reinforced  polymers.  A  composite  element  consisting 
of  a  bundle  of  multiple  SWNTs  surrounded  by  a  sheath  of  resin  (Figure  7)  is  developed  based  on 
the  off-axis  short-fiber  composite  theories.  The  sheath  carries  all  the  shear  stress  between 
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carbon  nanotubes  and  resin  while  the  remote  material  is  assumed  to  exhibit  average  composite 
properties.  The  concept  of  “stick-slip”  motion  caused  by  frictional  contacts  was  proposed  to 
describe  the  load  transfer  behavior  between  the  nanotubes  and  between  the  nanotube  ropes  and 
the  sheath.  Due  to  the  high  aspect  ratio  of  SWNTs  and  ropes,  the  load  transfer  at  their  ends  was 
neglected.  This  approach  was  used  to  analyze  composites  containing  well  dispersed,  randomly 
oriented  CNT  ropes  and  subject  to  quasi-static,  monotonically  increasing  nonnal  stress  in  one 
direction.  The  findings  also  illustrate  the  effects  of  inter-tube  and  tube/sheath  sliding  on 
damping  and  Young’s  modulus  in  cases  where  the  nanoropes  are  either  uniaxially  aligned  or 
randomly  oriented. 

All  the  material  properties  used  in  the  analysis  are  listed  in  Table  1.  Based  on  previous 
investigations  of  bonding  at  inter-tube  surfaces  and  SWNT/resin  surfaces  [Frankland  et  al,  2003; 
Wong  et  al.,  2003;  Cooper  et  al.,  2002],  the  critical  shear  stress  between  nanotubes  is  around  0.5 
MPa  while  that  between  multi-wall  nanotubes  (MWNTs)  and  resin  ranges  from  35  MPa  to  500 
MPa.  Therefore,  to  show  the  effects  of  inter-tube  and  SWNT/resin  interactions,  three  cases  with 
different  values  of  critical  inter-tube  and  SWNT/resin  shear  stresses  were  used  (Table  2). 

The  predicted  relative  Young’s  moduli  and  loss  factors  are  plotted  in  Figure  8.  Here,  the  relative 
Young’s  modulus  is  defined  as  the  ratio  of  the  Young’s  modulus  of  the  composite  to  that  of  the 
resin.  While  the  relative  Young’s  modulus  and  the  loss  factors  are  plotted  from  the  low  to  high 
stress  range  to  illustrate  the  trend,  the  highest  stresses  shown  in  the  figure  might  be  difficult  to 
achieve  in  realistic  applications  without  breaking  the  specimen.  Nevertheless,  since  these  are 
only  specific  case  studies  and  the  stress  level  may  change  for  different  combinations  of  material 
properties,  and  the  purpose  of  this  investigation  is  to  understand  the  general  trend  of  the 
composite  characteristics,  it  is  important  that  we  still  discuss  the  entire  stress  range.  The 
Young’s  modulus  first  decreases  slightly  with  stress  as  debonding  occurs  between  nanotubes. 
Once  the  stress  threshold  for  debonding  at  the  SWNT/sheath  interface  is  exceeded,  the  Young’s 
modulus  decreases  at  an  increasing  rate  with  higher  stress.  As  shown  in  Figure  8(b)  and  Figure 
8(c),  the  loss  factors  are  also  stress-sensitive.  In  general,  there  are  three  distinct  ranges  in  the 
loss  factor-stress  curve:  the  first  one  refers  to  the  inter-tube  debonding;  the  second  one  refers  to 
the  SWNT/sheath  debonding;  and  the  third  one  is  due  to  the  energy  dissipation  in  post¬ 
debonding  stage.  In  the  small  stress  region  (Figure  8(c)),  the  loss  factors  of  Case  1  and  Case  3 
increase  first  (inter-tube  debonding  range)  and  then  decrease  slightly  before  further  increasing 
(SWNT/sheath  debonding  range).  Since  Case  1  and  Case  3  have  the  same  inter-tube  critical 
shear  stresses,  their  first  local  peaks  occur  at  the  same  stress  value.  In  Case  1,  the  valley  after 
the  first  peak  is  shallow  because  the  SWNT/sheath  slip  occurs  shortly  after  the  inter-tube  slip  is 
fully  developed.  In  Case  2,  since  the  values  of  two  critical  shear  stresses  are  closer  than  those  of 
Cases  1  and  3,  the  SWNT/sheath  sliding  starts  before  the  inter-tube  sliding  is  fully  developed  at 
some  off  axial  angles.  Therefore,  there  is  no  decrease  in  loss  factor  between  the  onsets  of  the 
SWNT/sheath  debonding  and  the  inter-tube  debonding.  The  effects  of  the  two  distinct  slipping 
mechanisms  merge  together  and  form  a  continuous  increase  in  the  loss  factor. 

Figure  9  shows  the  Young’s  moduli  and  loss  factors  of  composites  containing  aligned  individual 
SWNTs  and  composites  with  aligned  nanoropes.  The  volume  fractions  of  SWNTs  in  two  cases 
are  both  0.2%.  The  inter-tube  and  SWNT/sheath  critical  shear  stresses  are  0.5  MPa  and  50  MPa, 
respectively;  and  the  other  properties  of  the  resin  and  SWNTs  are  as  listed  in  Table  1.  For 
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composites  with  well-dispersed  and  aligned  individual  SWNTs,  there  is  only  one  significant 
decrease  in  Young’s  modulus  and  two  ranges  of  increase  in  loss  factor  because  only 
SWNT/sheath  friction  exists.  The  maximum  loss  factor  (within  the  applied  stress  range)  of 
composites  with  aligned  nanoropes  (at  stress  value  of  500  MPa),  is  about  10%  less  than  that  of 
aligned  SWNTs  (at  stress  value  of  800  MPa),  due  to  the  decreased  surface  area  at  the 
nanotube/sheath  interface.  Also,  for  nanorope-based  composites,  the  weaker  inter-tube  sliding 
hastens  the  onset  of  modulus  decrease  and  damping  increase  in  relation  to  the  corresponding 
values  for  aligned  SWNT  composites. 

Figure  10  shows  the  comparison  of  Young’s  modulus  and  loss  factor  for  composites  containing 
0.2  vol%  aligned  nanoropes  and  randomly  oriented  nanoropes.  The  randomly  oriented  nanorope 
composite  has  a  lower  Young’s  modulus  than  the  unidirectional  nanorope  reinforced  composite 
over  the  entire  stress  range.  For  instance,  at  the  stress  level  of  100  MPa,  the  Young’s  modulus  of 
composites  with  randomly  oriented  nanoropes  is  only  80%  of  that  with  aligned  nanoropes. 
Compared  with  the  composites  with  aligned  nanoropes,  the  loss  factor  of  randomly  oriented 
nanorope  composites  is  higher  when  the  stress  level  is  the  100-350  MPa  range.  This  is  due  to 
the  fact  that  the  sliding  between  the  outer  SWNTs  and  the  sheath  (also  the  inter- tube  sliding)  in 
composites  with  randomly  oriented  nanoropes  occurs  in  lower  stress  regions  than  that  of 
composites  with  aligned  nanoropes.  However,  when  the  stress  level  exceeds  350  MPa,  the  loss 
factor  of  the  aligned  nanorope  composites  increases  very  quickly  and  reaches  its  maximum  at 
500  MPa,  which  is  about  60%  higher  than  the  maximum  value  of  composites  with  randomly 
oriented  nanoropes  (at  270  MPa).  Again,  the  values  of  these  applied  stresses  are  acknowledged 
to  be  very  high  in  comparison  to  the  expected  strength  of  these  materials,  but  we  are  more 
interested  in  general  trends  and  mechanisms  in  the  current  investigation. 

From  the  analysis  results,  we  arrive  at  the  following  conclusions: 

(a)  For  the  cases  studied,  the  composites  with  well  aligned  SWNTs  have  larger  Young’s 
modulus  in  all  stress  regions,  as  compared  to  composites  with  aligned  or  randomly 
oriented  nanoropes.  The  inter-tube  sliding  weakens  the  load-capability  of  nanoropes  and 
forces  the  onset  of  the  SWNT/sheath  sliding  earlier.  Due  to  the  fact  that  that  the  aspect 
ratio  of  nanotube  is  very  large  (about  1500)  and  the  “stick-slip”  interfacial  movement  is 
only  considered  to  be  significant  along  the  length  direction  of  nanoropes,  the  Young’s 
modulus  of  composites  containing  randomly  oriented  nanoropes  is  even  lower  than  those 
containing  aligned  nanoropes.  This  indicates  that  significant  improvement  of  Young’s 
modulus  may  be  realized  if  one  can  fabricate  CNT-based  composites  with  fully-dispersed 
and  well-aligned  nanotubes. 

(b)  For  loss  factor  comparisons  between  cases  with  aligned  SWNTs,  aligned  nanoropes,  and 
randomly-oriented  nanoropes,  the  conclusion  could  vary  with  different  levels  of  applied 
stress.  However,  if  the  applied  stress  is  high  enough  to  cause  complete  sliding  of  all  the 
SWNTs  or  nanorope  fillers,  and  the  maximum  loss  factors  are  compared  for  these  cases, 
composites  with  fully-dispersed  and  well-aligned  SWNTs  will  provide  the  highest  loss 
factor  and  energy  dissipation  capability. 
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Nanorope-based  composite  modeling  and  analysis  —  Combined  damping  effects  of 
nanorope  fillers  and  viscoelastic  resins 

While  the  studies  presented  in  the  previous  section  are  necessary  toward  modeling  the  damping 
characteristics  of  nanoropc-fillcd-compositcs,  they  are  still  limited  by  only  focusing  on  the 
damping  due  to  interfacial  friction  between  adjacent  nanotubes  and  between  nanotubes  and 
polymeric  materials  under  monotonically  increasing  uniaxial  loading.  Since  polymeric  matrix 
materials  possess  viscoelastic  properties,  their  rate-dependent  characteristics  need  to  be  included 
in  the  CNT/polymer  composite  model  and  analyzed.  To  address  such  issues,  a  micromechanical 
constitutive  model  is  proposed  to  simultaneously  analyze  the  effects  of  viscoelastic  resin  and  the 
“stick-slip”  motion  on  the  total  loss  factor  of  composite  with  randomly  oriented,  dilute 
nanoropes. 

In  the  micromechanical  model,  the  CNT-based  composite  is  represented  by  a  three-phase  system 
composed  of  a  resin,  a  resin  sheath,  and  SWNT  ropes  as  shown  in  Figure  7.  The  resin  is 
described  as  a  viscoelastic  material  using  the  three-element  standard  solid  model.  A  Coulomb 
friction  element  represents  nonlinear  response  due  to  the  “stick-slip”  movement  at  the 
SWNT/sheath  and  inner/outer  SWNT  interfaces.  Since  the  aspect  ratio  of  the  nanotube  is  very 
large  and  the  ‘stick-slip’  motion  is  only  considered  in  the  longitudinal  direction  of  the  nanotubes, 
the  CNT-based  composite  is  modeled  as  a  viscoelastic  element  and  a  Coulomb  friction  element 
in  parallel  (Figure  11). 

Figure  12  shows  the  loss  factors  of  the  composites  with  aligned  nanoropes  and  randomly  oriented 
nanoropes  under  uniaxial  harmonic  loading.  For  composites  containing  aligned  nanoropes,  the 
hannonic  loading  is  applied  in  two  directions:  along  the  nanorope  direction  (6*=0°)  and 
perpendicular  to  the  nanorope  direction  (6*=90°).  Three  lines  are  plotted  in  each  plot,  referring  to 
the  total  loss  factor,  loss  factor  due  to  viscoelastic  resin,  and  loss  factor  caused  by  interfacial 
friction.  Considering  all  the  results  in  Figure  12,  it  is  seen  that  the  total  effective  loss  factor  is 
sensitive  to  the  magnitude  of  the  applied  stress,  while  the  loss  factor  of  the  viscoelastic  resin  is 
stress  independent.  In  general,  the  three  distinct  ranges  in  the  curve  of  loss  factor  due  to  the 
“stick-slip”  motion  are  consistent  with  the  analysis  in  previous  section:  the  first  one  is  between 
the  start  and  completion  of  inter-tube  debonding;  the  second  one  is  caused  by  the  start  of 
SWNT/sheath  debonding;  and  the  third  one  is  due  to  continuous  sliding  after  all  the  nanotubes 
are  fully  debonded. 

The  composite  with  aligned  nanoropes  under  loading  along  the  nanorope  direction  (Figure  12(a)) 
shows  the  highest  loss  factor  over  the  entire  stress  range.  The  energy  dissipation  contribution 
from  “stick-slip”  motion  and  viscoelastic  material  varies  with  alignment  angle  and  applied  stress 
level.  For  composites  containing  axially  aligned  nanoropes  with  0°  loading  and  randomly 
oriented  nanoropes,  the  “stick-slip”  friction  is  the  main  contribution  for  the  total  loss  factor  of 
the  CNT-based  composites  even  with  small  amount  of  nanotubes/ropes.  However,  for  aligned 
nanoropes,  after  the  off-axis  angle  is  larger  than  some  critical  angle,  the  nanoropes  undergo 
compression  with  tensile  applied  stress.  In  such  cases,  the  importance  of  the  loss  factor  due  to 
viscoelastic  material  deformation  increases  and  it  even  dominates  the  total  loss  factor  when  the 
magnitude  of  the  applied  stress  is  small.  In  general,  the  “stick-slip”  motion  dominates  the  total 
loss  factor  contribution  at  high  stress  levels. 


Nanorope-based  composite  modeling  and  analysis  --  Molecular  dynamics  simulation  for 
interfacial  shear  strength  prediction 

Based  on  the  micromechanical  analysis  in  previous  section,  we  realized  that  the  “interfacial 
shear  strength”  is  extremely  important  for  predicting  damping.  One  method  to  estimate  such  a 
parameter  is  to  use  molecular  dynamics  (MD)  simulation.  Both  interfacial  shear  strengths 
between  nanotube  ropes  and  between  nanotube  and  resins  are  calculated  using  a  public  domain 
software  named  DL  POLY. 

In  molecular  dynamics  simulation,  the  nanorope  is  modeled  as  seven  nanotubes  in  a  hexagonal 
array.  The  covalent  bonding  within  the  nanotubes  is  represented  by  the  Tersoff  potential.  The 
non-bonding  interactions  between  nanotubes  are  described  by  the  Lennard-Jones  potential.  After 
equilibration  of  the  system,  the  outer  six  nanotubes  are  fixed  and  a  monotonically  increasing 
nonnal  force  is  applied  to  each  atom  of  the  inner  nanotube  in  the  tube  length  direction.  The 
momentum  balance  model  developed  by  Frankland  [2003]  is  used  to  study  the  interface 
interaction.  By  monitoring  the  average  velocity  of  the  inner  tube,  we  can  obtain  the  threshold 
force  to  pull-out  the  inner  tube.  Therefore,  the  interfacial  strength  is  simply  the  threshold  force 
divided  by  the  surface  area  of  the  inner  tube. 

The  same  concept  is  applied  to  calculate  the  interfacial  shear  strength  between  nanotube  and 
epoxy  resin.  In  this  case,  the  epoxy  resin  is  modeled  using  the  OPLS  force  field  including  bond 
stretch,  bond  angle,  torsion,  and  out-of-plane  deformation.  The  Van  der  Waals  energy  between 
the  nanotube  and  the  epoxy  is  represented  by  Lennard-Jones  potential. 

Figure  13  shows  the  interfacial  shear  strength  between  the  center  and  outer  nanotubes  in  a  rope 
as  a  function  of  nanotube  length.  As  shown  in  the  figure,  the  interfacial  shear  strength  is 
independent  of  the  nanotube  length.  The  average  shear  strength  is  30.3  ±3.2  MPa,  which 
matches  well  with  the  26.3  MPa  value  obtained  by  Bichoutskaia  [2005]  for  double -walled 
nanotubes  using  an  ab  initio  method.  Similarly,  the  interfacial  shear  strength  between  a 
nanotube  and  epoxy  is  about  1 1.2  ±  0.7  MPa,  as  shown  in  Figure  14.  Since  we  only  consider  the 
Van  der  Waals  force  at  the  interface,  it  is  reasonable  that  the  interfacial  shear  strength  between 
nanotube  and  epoxy  is  smaller  than  that  between  nanotube  ropes.  This  is  caused  by  two  reasons: 
(i)  the  minimum  distance  between  carbon  atoms  in  the  inner  and  outer  nanotubes  is  smaller  than 
that  between  a  carbon  atom  in  nanotube  and  the  other  atoms  in  the  surrounding  polymer;  (ii)  the 
hydrogen  atoms  in  the  polymer  occupy  much  space  and  contribute  a  very  small  Van  der  Waals 
energy  to  the  system,  hence  weakening  the  interfacial  strength  of  the  polymer. 

The  MD  model  serves  a  good  starting  point  and  can  be  extended  in  the  future  to  examine  the 
interfacial  shear  strength  caused  by  electrostatic  force  and  others.  The  calculated  interfacial 
shear  strength  can  be  integrated  with  the  micro-mechanics  and  viscoelastic  models  discussed  in 
the  previous  sections  to  predict  the  overall  materials  and  structure  damping  level. 

Nanofiller  alignment 

Analysis  results  in  the  Penn  State  investigation  [Liu  et  ah,  2006a, b]  have  indicated  that  a  great 
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improvement  of  loss  factor  could  be  achieved  by  dispersing  and  aligning  CNTs  or  nanoropes  in 
the  polymeric  materials  when  the  applied  stress  in  the  alignment  direction  was  high  enough  to 
cause  complete  sliding  of  all  the  nanofillers.  This  finding  indicates  that  to  further  significantly 
enhance  CNT-composite  damping,  we  should  explore  the  feasibility  of  CNT  alignment  in  such 
composites. 

Methods  of  orienting  CNTs  in  polymers  based  on  viscous  fluid  flow  [Thostenson  and  Chou, 
2002;  Mayer  et  ah,  2002;  Xu  et  ah,  2002;  Zhang  et  ah,  2005],  and  magnetic  field  [Kimura  et  ah, 
2002;  Smith  et  ah,  2000]  have  been  demonstrated  previously,  although  the  investigators  believe 
that  these  methods  are  not  amenable  to  epoxy  resins  and  composites.  Rather,  the  use  of 
electrical  fields  to  manipulate  the  orientation  of  CNTs  is  seen  as  a  more  promising  method  for 
further  development  and  application  to  the  problem  at  hand  [Adamson  and  Gast,  1997]. 

By  applying  an  electric  field  on  a  suspension  of  particles  in  a  liquid  medium,  surface  charges  are 
induced  on  the  particles,  the  details  of  which  depend  on  the  physical  and  chemical  properties  of 
the  particles  and  the  medium.  The  acquired  charge  generates  an  electrostatic  potential  around  the 
particle  known  as  the  zeta  potential.  The  motion  of  the  particle  is  controlled  by  the  interaction 
between  the  zeta  potential  and  the  applied  electric  field,  known  as  electrokinetics,  and  can  be 
predicted  by  using  models  developed  in  [Holtzer  and  Velegol,  2005;  Ye  et  ah,  2002; 
Solomentsev  and  Anderson,  1994;  Fair  and  Anderson,  1989]. 

A  first  attempt  at  Penn  State  to  align  vapor-grown  carbon  nanofibers  (Pyrograph  III)  in  epoxy 
using  an  electric  field  resulted  in  samples  with  anisotropic  conductivities.  The  liquid  CNF/epoxy 
mixture  was  cured  while  applying  a  uniform  AC  electric  field  of  100  V/cm  at  60  Hz.  Figure  15 
shows  a  plot  of  AC  impedance  of  cured  samples  as  a  function  of  AC  frequency.  The  impedance 
of  the  sample  cured  under  the  influence  of  electric  field  shows  no  dependence  on  frequency  in 
the  direction  of  electric  field  applied  during  curing,  but  a  frequency  dependent  behavior  is 
observed  in  the  direction  transverse  to  the  field.  The  frequency  independent  behavior  of 
impedance  parallel  to  the  direction  of  the  field  applied  during  curing  is  an  indicator  of  a  good 
conducting  network  in  the  specimen.  Note  that  cured  epoxy  with  no  nanofiller  is  generally 
nonconductive  in  this  range  of  measurements.  Figure  15  also  provides  a  comparison  between  the 
AC  impedances  of  specimens  made  with  and  without  electric  field.  The  impedance  of  the 
specimen  made  without  electric  field  is  highly  dependent  on  the  frequency  of  applied  field, 
indicating  a  poor  conducting  network  in  a  randomly  oriented  nanofiber  specimen.  These 
preliminary  results  verify  the  formation  of  good  conducting  networks  of  nanofibers  using  an 
electric  field,  but  do  not  necessarily  indicate  alignment. 

We  next  investigated  the  suitability  of  DC  and  AC  electric  fields  in  aligning  CNFs  in  epoxy  at 
elevated  temperatures.  The  interest  in  elevated  temperatures  comes  from  the  fact  that  many  high 
performance  thermoset  epoxies  cure  at  around  100°C.  At  these  elevated  temperatures,  the 
viscosity  of  the  epoxy  reduces  considerably  in  comparison  to  the  room  temperature  viscosity, 
thus  changing  the  electrokinetics  of  the  CNFs.  To  investigate  the  translation  and  rotation  of 
CNFs  in  epoxy  under  realistic  curing  temperatures,  the  movement  of  CNFs  at  elevated 
temperatures  was  observed  using  an  optical  microscope.  An  electrophoresis  cell  was  constructed 
using  a  glass  slide  and  a  cover  glass  for  measuring  the  electrophoretic  mobility  and  rotational 
kinetics.  A  DC  electric  field  with  field  strength  of  100  V/cm  and  AC  electric  fields  with  various 


10 


field  strengths  and  frequencies  were  applied  while  the  mobility  and  rotation  of  the  CNFs  were 
recorded  using  a  CCD  camera  attached  to  the  microscope. 

(i)  Effect  of  DC  electric  field 

Figure  16  shows  pictures  of  CNFs  in  epoxide  just  before  applying  a  DC  electric  field  and  after  3 
and  6  seconds  of  continuous  application  of  field  at  90°C.  The  distance  between  the  electrodes 
was  0.04  inch  (1  mm)  and  the  field  strength  was  10  VDC.  Figure  16(a)  shows  the  initial  random 
orientation  of  the  CNFs  just  after  filling  the  cell  with  the  mixture.  On  application  of  the  electric 
field  the  nanofibers  rotated  as  they  translated  towards  the  positive  electrode.  The  movement  of 
the  CNFs  towards  the  positive  electrode  suggests  that  they  are  negatively  charged  in  the  epoxy. 
The  CNFs  were  found  to  “porpoise”  in  the  plane  of  view  as  they  translated.  This  behavior 
resembles  the  undulating  motion  of  a  swimming  porpoise.  It  was  not  possible  to  align  all  the 
CNFs  at  the  same  time  in  epoxy  with  a  DC  field  (Figure  16(c)).  Moreover,  the  continuous 
application  of  DC  electric  field  forced  all  the  CNFs  close  to  the  positive  electrode.  Due  to  the 
above  mentioned  reasons,  DC  electric  field  is  considered  not  suitable  for  alignment  at  elevated 
temperatures. 

(ii)  Effect  of  AC  electric  field 

To  overcome  the  identified  limitations  of  DC  fields  in  aligning  CNFs,  AC  electric  fields  were 
evaluated  at  various  frequencies  and  electric  field  strengths  at  90°C.  The  distance  between  the 
electrodes  was  0.04  inch  (1  mm)  and  the  field  strength  was  20  Vrms.  Figure  17  shows  the 
average  rate  of  rotation  for  CNFs  having  different  aspect  ratios  (length  divided  by  diameter,  I/d) 
for  various  frequencies  and  strengths  of  AC  electric  field.  The  electric  field  was  applied  for  10- 
30  seconds  to  let  the  particles  rotate  and  align  in  the  direction  of  electric  field.  Two  general 
trends  observed  in  Figure  17  are  (i)  the  rate  of  rotation  increases  with  the  applied  frequency  and 
the  strength  of  electric  field,  and  (ii)  the  particles  with  smaller  aspect  ratio  rotate  faster  than  the 
higher  aspect  ratio  particles. 

The  continuous  application  of  AC  electric  field  not  only  aligns  the  particles,  but  also  forms 
continuous  chains  of  CNFs  by  the  dipole-dipole  interaction  (Figure  18).  CNFs  suspended  in 
liquid  epoxy  are  polarized  by  the  electric  field  and  therefore  experience  electrostatic  torque  due 
to  the  interaction  of  their  charge  and  the  applied  field.  Furthermore,  oriented  and  polarized 
particles  experience  an  attraction  towards  each  other  due  to  the  dipole-dipole  interaction  and 
form  a  network  of  chains  between  the  electrodes.  The  alignment  and  structure  of  the  CNF  chains 
were  varied  as  functions  of  AC  frequency.  The  alignment  was  investigated  at  a  temperature  of 
121°C  with  a  gap  of  0.04  inch  (1  mm)  between  the  electrodes.  Partial  chains  grew  from  both  the 
electrodes  and  joined  roughly  in  the  center  of  the  cell  to  fonn  complete  chains  spanning  the 
electrode  gap.  It  was  also  observed  that  the  morphology  of  the  chains  of  aligned  CNFs  is 
dependent  on  the  frequency  of  electric  field.  As  can  be  seen  in  Figure  19,  the  higher  tested 
frequencies  (100  kHz  &  1  MHz)  resulted  in  denser  chain  patterns  or,  in  other  words,  more  chains 
per  unit  area  of  the  composite.  However,  there  exists  a  practical  constraint  in  using  high 
frequencies:  i.e.,  the  need  for  specialized  electrical  equipment  to  generate  high  enough  voltages 
(-100  Vrms)  at  these  frequencies  to  align  over  large  distances  (~cm). 
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(iii)  Use  of  high  strength  AC  electric  field  in  manufacturing  composites 

In  order  to  better  realize  the  potential  of  aligned  carbon  nanofillers  for  enhancing  the  damping 
properties  of  structural  composites,  there  is  a  need  to  align  and  network  nanofillers  over 
distances  greater  than  a  few  millimeters.  Moreover,  to  be  able  to  asses  the  derived  benefits  from 
alignment,  specimens  having  a  length  of  a  few  centimeters  are  required  for  testing  by  tension  or 
dynamic  mechanical  analysis,  for  example.  Since  the  maximum  applied  voltage  at  1  MHz  was 
limited  to  50  Vrms  by  the  available  equipment,  it  was  decided  to  use  1  kHz  for  alignment, 
because  high  voltages  in  the  range  of  100s  of  volts  can  be  easily  generated  using  the  voltage 
amplifier  without  excessively  reducing  the  chain  density. 

The  aim  of  these  experiments  is  to  demonstrate  the  ability  to  make  cured  cm-sized  specimens  of 
epoxy  with  chains  of  aligned  CNFs.  The  test  temperature  was  121°C  at  which  it  took  about  an 
hour  for  the  epoxy/amine  system  to  cure.  The  distance  between  the  electrodes  was  selected  as 
2.5  cm  and  the  width  of  the  cell  was  selected  as  5  cm.  A  145  Vrms  electric  field  strength  and  0.1 
wt%  CNF  concentration  were  used.  At  1  kHz,  the  chains  of  CNF  aligned  and  spanned  the 
distance  between  the  electrodes  within  6  minutes  (Figure  20).  After  curing  the  composites, 
rectangular  specimens  of  approximate  dimensions  50x25 *0. 3  mm  were  successfully  removed 
from  the  mold  as  shown  in  Figure  2 1 . 

The  future  efforts  in  realizing  the  objective  of  high  damping  composites  would  require 
simulation  (MD)  and  experimental  verification  of  the  pullout  process  of  nanotubes/ropes  from 
surrounding  polymeric  material.  This  includes  further  refinement  and  extension  of  the 
manufacturing  processes  developed  thus  far  for  CNFs  to  include  CNTs  as  well.  Interfacial 
strength  needs  to  be  determined  by  back-calculation  of  quasi-static  stress-strain  behavior  of 
polymer  reinforced  with  highly  aligned  nano -reinforcements.  This  information  should  then  be 
evaluated  in  light  of  the  simulation  results  to  validate  the  model.  Based  on  the  validated  models, 
optimum  types  and  orientations  of  fillers  for  achieving  polymer  with  high  damping,  light  weight, 
and  low  bulk  can  be  determined. 
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Table  1.  Material  properties  used  in  the  model  for  composite  with  randomly  oriented  nanoropes 


Unit  cell 

Length 

1.0  pm 

Width 

1.0  pm 

Thickness 

5.30  nm 

Resin 

Young’s  modulus 

3.3  GPa 

Poisson’s  ratio 

0.35 

(10,10) 

SWNT 

Young’s  modulus  of  graphite  sheet 

1.03  TPa  * 

Shear  modulus  of  graphite  sheet 

0.44  TPa  * 

Radius 

0.67  nm 

Length 

1  pm 

Volume  fraction  of  nanorope 

0.2% 

Sheath 

Inner  radius 

2  nm 

Outer  radius 

2.50  nm 

*  Graphite  sheet  properties  from  Odegard  et  al,  2001 


Table  2.  Values  of  critical  shear  stresses  used  in  the  model  for  composite  with  randomly  oriented  nanoropes 


Inter-tube  critical  shear  stress 

SWNT/sheath  critical  shear  stress 

Case  1 

0.5  MPa 

50  MPa 

Case  2 

5  MPa 

50  MPa 

Case  3 

0.5  MPa 

100  MPa 

14 


Air  cooling 


Temperature  control  unit 


Air  compressor 


r 

//  I 

Figure  1 .  Ultrasonic  mixer  set-up  used  for  dispersing 
nanotubes  in  resin  mixture. 


Figure  2.  Loss  factor  measurements  through 
dynamic  testing. 
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Figure  3.  Loss  factor  vs.  peak  cyclic  strain:  neat  resin  and  1  wt%  CNT  specimens. 
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Figure  6.  Loss  factors:  nanoropes  vs  nanotubes. 
(Unidirectionally  aligned  configuration) 
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Figure  7:  Unit  cell  consisting  of  a  bundle  of  seven  SWNTs  (nanorope)  surrounded 
by  a  sheath  and  remote  resin. 


Figure  8:  Comparison  of  composites  containing  randomly  dispersed  and  oriented  nanoropes: 
(a):  Relative  Young’s  moduli;  (b):  loss  factors;  (c)  loss  factors  in  small  stress  region. 
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Relative  Young's  moduli  Relative  Young's  Moduli 


Figure  9:  Comparison  for  composites  containing  aligned  SWNTs  and  aligned  nanoropes: 
(Left):  Young’s  modulus  relative  to  the  resin;  (Right):  loss  factors 


Figure  10:  Comparison  for  composites  containing  aligned  nanoropes  and  randomly  dispersed  nanoropes: 
(Left):  Young’s  modulus  relative  to  the  resin;  (Right):  loss  factors 
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Loss  factor 


Figure  11.  Composites  using  standard  solid  model(ii1i  =  3.3GPa  ,  E2  =  3.3GPa  ,  r/2  =  50 GPa  ■  s  ) 


Magnitude  of  applied  stress  (MPa) 


Figure  12.  Loss  factors  vs.  magnitude  of  applied  stress:  (a)  composite  with  aligned  nanoropes  and  load  along 
nanorope  direction;  (b)  composite  with  aligned  nanoropes  and  load  in  the  direction  perpendicular  to  nanorope 
direction;  (c)  composite  with  randomly  oriented  nanoropes 
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Figure  13.  Interfacial  shear  strength  between  nanotube  ropes  as  a  function  of  tube  length 
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Figure  14.  Interfacial  shear  strength  between  nanotube  and  epoxy  as  a  function  of  tube  length 
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Figure  15  Electrical  measurements  on  aligned  and  random  nanofiber  composites 
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Figure  16.  Effect  of  DC  electric  field  on  the  alignment  of  CNFs  in  epoxy 
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Figure  17.  Kinetics  of  CNF  alignment  in  AC  electric  field 
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Figure  18.  Chain  of  aligned  CNFs  in  the  direction  of  AC  electric  field 
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Figure  1 9.  Chains  of  CNFs  in  epoxy  bridging  the  gap  between  the  electrodes  at  various  AC  frequencies 

(Vrms  =  50  V;  distance  between  electrodes  =  1  mm) 
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Figure  20.  Chains  of  0.1  wt%  aligned  CNFs  in  a  fully  cured  epoxy 


Figure  21.  Fully  cured  0.1  wt%  aligned  CNF/epoxy  composite 
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